Background: We examined seven landslide dams and their changes over time in the Peace River region of Canada. These landslides had subchannel rupture surfaces in glacial and glaciolacustrine sediments. We assessed the stability of the dams using 6 separate, morphometric-based stability indices (with a total of 10 stability thresholds). Results: The landslides caused the streambeds to be elevated from 4 to 30 m forming the dams. The landslide lakes diminished in size over one to several years through stream incision into the dams and sediment infilling. The longest-lived dam persisted for up to 20 years. For two dams, incision into the dams lowered the lake levels by about half of the total depth, while the remainder of the water in the basins was displaced by sediment infilling. After the lakes drain, the sediment accumulations behind the dams can persist for decades. The stability analyses overpredicted unstable conditions which is inconsistent with the observed longterm persistence of the dams. Conclusions: The landslide dams in our study were relatively stable. Their lakes persisted for up to 2 decades and diminished over time through a combination of slow incision and basin infilling. The stability indices we assessed overpredicted unstable conditions and thus would require modification for these particular types of dams in this regional setting.
Background
Large landslides in Quaternary sediments are commonplace in the Peace River regions of Alberta and British Columbia Miller and Cruden 2008) , and many of the landslides create dams which disrupt streamflow, damage timber, and threaten infrastructure both downstream and upstream.
On smaller streams, with narrow valleys, large landslides tend to fully obstruct the valleys, creating lakes that can persist for decades (Lu et al. 1998; Miller and Cruden 2001 , 2014 Clague 2006, 2008) . In contrast, regional dams on the larger systems are generally short-lived (for example, the Attachie dam on the Peace River (Evans et al. 1996 , Fletcher et al. 2002 and the Halfway River dam (Bobrowsky and Smith 1992) lasted for a few hours).
Here we examine seven landslide dams on small tributaries of the Peace River, including: the Eureka River dam (Miller 2000; Miller and Cruden 2001 , 2014 , the Fox Creek dam (Kim et al. 2010) , the Hines Creek dam (Lu et al. 1998; Miller and Cruden 2001, 2008) , the Montagneuse River dam (Cruden et al. 1997; Miller and Cruden 2008) , the Pouce Coupe River dam (British Columbia 2014) , the Saddle River dam (Cruden et al. 1993; Alberta 1997; Miller and Cruden 2001 , 2014 , and the Spirit River dam (Miller 2000; Miller and Cruden 2001 , 2014 (Fig. 1) .
We classified landslides according to Cruden and Varnes (1996) and landslide dams according to Costa and Schuster (1988) , where six dam types are described: I) Partial, II) Complete, III) Divergent, IV) Convergent, V) Multi-lobed, and VI) Uplifted (from Cruden and Van Dine 2013) . The landslide dams we describe are all Type VI. Type VI dams form when a landslide's rupture surface extends under a stream channel, and emerges on the opposite valley side from the landslide, causing the channel to be displaced upwards and the stream flow to be impeded (Costa and Schuster 1988) .
We have assessed dam stability using 6 separate indices (with a total of 10 stability thresholds) based on watershed and dam morphometric attributes (from: Canuti et al. 1998; Casagli and Ermini 1999; Ermini and Casagli 2003; Korup 2004; Tacconi Stefanelli et al. 2015 , 2016 , 2017 . This assessment tests the applicability of these indices and thresholds on these dams, in our regional setting.
The aims of this paper are to describe the landslide dams, the evolution of the dams and their lakes over time, and to test various dam stability indices.
Setting and stratigraphy

General description
Our Peace River study area is situated on a flat to rolling dissected plain, located east of the Rocky Mountains, in northeastern British Columbia and northwestern Alberta ( Fig. 1) . The Peace River and its tributaries dissect glacial and non-glacial sediments as well as shale and sandstone bedrock (Holland 1976; Morgan et al. 2012) . The area has a continental climate, characterized by warm, wet summers and cold, dry winters (Foord 2016) .
Previous work in the region has determined the Quaternary stratigraphy of the Peace River and its tributaries (Bayrock 1969; Fenton 1984; Liverman et al. 1989; Catto et al. 1996; Hartman and Clague 2008) , with recent studies generalizing the sedimentary succession into five major lithotype assemblages (LTAs) (Atkinson and Paulen 2010, Morgan et al. 2012 , and references therein, Fig. 2 ).
The five major LTAs, from highest (youngest) to lowest (oldest), can be summarized as follows:
LTA5 retreat phase glaciolacustrine sediment; LTA4 glacial sediment (including till); LTA3 advance phase glaciolacustrine sediment; LTA2 massive sands (with bone dates of 25.1 ka BP); and LTA1 preglacial sands and gravels (with wood dates between 43.5 and 27.4 ka BP).
This stratigraphy records the up-valley advance of the Laurentide Ice Sheet and subsequent down-valley ice front retreat, and the preceding non-glacial intervals (Hartman and Clague 2008) . These events filled the pre-glacial topography with up to 200 m of Quaternary sediment.
Stratigraphy, erosion, and landslides
The distribution of deep-seated landslides correlates with the location of buried pre-glacial valleys of the ancestral Peace River and its tributaries. The ice-advancephase glaciolacustrine (LTA3, Fig. 3 ) sediment has been recognized as a prominent décollement plane for several deep-seated failures (Cruden et al. 1993 (Cruden et al. , 1997 Miller 2000; Miller and Cruden 2001, 2002; Kim et al. 2010; Morgan et al. 2012) .
Figure 2 plots variable valley slopes (normal to valley axis) against the regional stratigraphy for segments of Clear and Eureka rivers, and the Saddle and Spirit rivers. The top of the plots represent the valley slope angles associated with stream incision into the uppermost Fig. 1 Locations of the landslide dams. The regional topography was generated using digital topographic data from Natural Resources Canada (licenced under the Open Government Licence -Canada). The Peace River region is a broad, gently sloping plain which is deeply dissected by Holocene streams. The inset map shows the general study location (green box) in relation to the boundaries of the provinces of Alberta and British Columbia, Canada Fig. 3 Upthrust advance phase glacial lacustrine sediment (LTA3) at the toe of the Eureka River landslide. The reorientation of the lacustrine rhythmites to near vertical, was likely caused by the landslide. Note the scattering of boulders and cobbles at discrete locations. This material likely originated in the pre-landslide channel and was introduced into the post-landslide channel by bank erosion. Also note the small landslide into the channel in the distance. (Source: BGN Miller, September 28, 2007) Fig. 2 Generalized stratigraphy found within buried preglacial valleys in the Peace River lowlands (right; modified after Morgan et al. 2012) , and (left) average valley slopes of the lower Clear River (to the Eureka River) and the Eureka River (blue), and the lower Saddle River (to the Spirit River) and the Spirit River (red). Five of the landslides described appear be associated with ice-advance -phase glaciolacustrine sediment (LTA3), and two with the lower portion of the glacial sediments (LTA4). The valley slopes appear to reflect the stratigraphy. The slopes are lowest where the rivers are incising through LTA3 or LTA5, and steepen where the river incises into LTA4. Note that thickness of LTA4 has been exaggerated in this diagram, as the diamict is not topography constrained and will impact the valley slope response to incision over a longer distance than the unit thickness would otherwise suggest sedimentary unit, at the upper reaches of the streams; whereas, the bottom of the plots represent slope angles from stream incision through the entire sedimentary sequences. Postglacial stream incision through the stratigraphic sequence in Fig. 2 may have progressed as follows:
Initial incision through the uppermost glaciolacustrine sediments (LTA5), resulting in slope angles from 5 to 10 degrees. Subsequent incision into the more stable glacial sediment (LTA4), resulting in slope angles of up to 18-degrees. Further incision into the advance-phase glaciolacustrine sediment (LTA3), where slopes decrease to as low as 6 degrees. Final incision into the lower fluvial units (LTA1 and 2) and into bedrock, where slopes increase to near 10 degrees.
Methods
We described the landslides and landslide dams using information predominently from previous studies and government reports. We used aerial and satellite imagery, coupled with field observations, to measure and characterize the changes in the landslide dams and lakes over time. We analysed lidar data in a Geographic Information System (GIS) to determine the amount of stream incision into the dams and the depths of basin sediment infilling. For the dam stability analyses, we used indices drawn from literature and compared the results to the observed behaviours. We derived morphometric attribute values for the stability analyses from Natural Resource Canada digital elevation data and LiDAR data in a GIS.
Results
Peace River regional landslide dams
The following provides a description of seven landslide dams and their development over time (Tables 1 and 2 , Fig. 4 ).
Eureka River landslide dam
The Eureka River landslide ( The old channel was abandoned and a new channel formed around the toe of the landslide. Initially, coarse alluvium was generally absent in the new channel, allowing for rapid stream incision to occur -up to 20 m in a decade near the centre of the landslide. This rapid incision promoted extensive instability from both banks, and reintroduced coarse alluvium (cobbles and boulders) from the pre-slide channel into the new channel (Fig. 3 ). This coarse material however, had a short residence time in the channel and was quickly mobilized downstream, leaving the channel base unprotected.
Following an initial lake length of about 7 km (1990), the lake began to get progressively smaller as a result of slow dam incision (Table 2) . Incision was slowed when the post landslide channel encountered the uplifted prelandslide channel, near the upstream edge of the landslide dam. After about 20 years the lake ceased to exist from a combination of sedimentary infilling and dam incision. A lidar-generated longitudinal profile of Eureka River shows approximately 8 m of sediment accumulation occurred within the landslide lake basin (Fig. 6 ). As the landslide dam height was estimated to be 20 m, incision into the dam lowered the lake by approximately 12 m, whereas sediment infilling of the basin amounted to 8 m.
Fox Creek landslide dam
The May 5, 2007 Fox Creek landslide was a rapid translational block slide involving about 47Mm 3 of Quaternary sediments (Kim et al. 2010 ; Fig. 7 ). The basal rupture surface of the landslide, in advance-phase glaciolacustrine Notes: a 1 -objects on the ground of less than 1 m can be recognized using film-based air photos sediment (LTA3), extended beneath Fox Creek, causing the stream bed to be elevated and creating a Type VI landslide dam (Kim et al. 2010) . The abandoned, pre-landslide stream bed was evident at the toe of the slope. The landslide dam was a maximum of 19 m in height, with a width of 1.7 km (Kim et al. 2010) . The largest of the resultant lakes extended upstream beyond the east flank of the landslide for approximately 1.5 km. Two smaller lakes formed atop the landslide debris. An analysis of 2 m Alberta lidar data, collected on October 22, 2013, shows the stream's longitudinal profile having not substantially recovered from the landslide event (Fig. 8) .
Hines Creek landslide dam
The Hines Creek landslide occurred between June 9th and June 25th, 1990 (based on Landsat 5 Thematic Mapper bracketing dates) and was a reactivated, retrogressive earth slide, with a rupture surface in glacial sediment (LTA4). The landslide formed a Type VI landslide dam, with an estimated height of 25 m dam, and a lake length of 1.5 to 1.7 km (Lu et al. 1998) .
The 1990 Hines Creek landslide occurred on the opposite valley wall of a much larger landslide. This larger landslide predates the earliest provincial aerial photographic coverage of the site, in 1952. Lu et al. (1998) speculate that the pre-1952 landslide was a major contributing factor to the occurrence of the 1990 landslide, as it directed the stream into the opposite valley wall, causing undercutting of the slope. They estimated the volume of the pre-1952 landslide to be 48Mm
3 . An extensive sedimentary deposit formed upriver of the pre-1952 landslide, which persisted until at least 1988 (Alberta air photo AS3729-88).
Montagneuse River landslide dam
The April 1939 Montagneuse River landslide was a reactivated, retrogressive earth slide that moved in translation Fig. 4 Changes in the lengths of 6 landslide lakes over time, since the formation of the landslide dams. The data used to derive these curves forms Table 2 . The lake lengths go to unity through a combination of incision into the landslide dams and sediment infilling of the basins (Cruden et al. 1997) . The landslide's rupture surface, in advance phase glaciolacustrine sediment (LTA3), extended under the channel creating a Type VI landslide dam (Cruden et al. 1997 , Fig. 9 ). The estimated height of the dam was 30 m. Anecdotal information indicates that the dam stopped the flow in the river for about 2 weeks, causing a 4 km lake to form.
By June 15, 1945, the lake had drained (Canada air photo A8108, 23-25). Cruden et al. (1997) mapped lacustrine deposits extending about 1.5 km upstream of the landslide dam using 1952 aerial photographs. They noted that by 1988, the sedimentary deposit had been eroded away.
Pouce Coupe River landslide dam
The Pouce Coupe River was dammed by a landslide on August 21, 2013. The landslide originated from the east bank of the river, approximately 210 m downstream from the Landry Bridge (Fig. 10) . The landslide caused the river bed to be elevated by approximately 3.8 m, forming a Type VI landslide dam (Fig. 11 ). An Environment Canada water monitoring station, located immediately downstream from the Landry Bridge, recorded the backing up of the river over a 2.5 day period (British Columbia 2014). Following the landslide, a new channel formed across a 
Saddle River landslide dam
The June 1990 Saddle River landslide (Fig. 12 ) was a reactivated, retrogressive earth slide (Cruden et al. 1993 ). The landslide rupture surface, in advance phase glaciolacustrine sediment (LTA3), extended under the Saddle River, causing the streambed to be displaced southwards by 60 m and upwards by approximately 24.5 m, creating a Type VI landslide dam (Cruden et al. 1993; Alberta 1997) . The volume of water retained behind the dam was estimated at approximately 4Mm 3 (McClung and Weimer 1990).
Overtopping of the dam began during the annual spring freshet of 1991 (Hanson 1994 ; Fig. 13 ), when a new channel formed at the toe of the landslide. Incision was slowed near the upstream edge of the dam, where the stream encountered the pre-landslide channel alluvium (Cruden et al. 1993 ). The alluvium was later bypassed when the channel widened (Hansen 1994). Continued incision into the dam was accompanied by progressive shortening of the lake (Table 2, Figs. 12, 13) . By August 13, 2006, the lake had fully drained.
A longitudinal profile of the Saddle River, derived from the 2 m lidar data (dated October 22, 2013, Fig. 14) , revealed approximately 14 m of sediment accumulation within the landslide lake basin. Therefore, incision into the dam amounted to 10.5 m. A bathymetric survey of the basin, which ceased 7.25 years after the landslide in September 1997, recorded a final water depth of 14.8 m (Alberta 1997, Fig. 13) . Beyond this time, very little further incision into the dam occurred despite the basin remaining flooded for up to another 9 years (August 2006; Table 2 ).
Spirit River landslide dam
The July 1995 Spirit River landslide was a reactivated and retrogressive earth slide that moved southwards by translation (Miller 2000) . The emerging rupture surface at the toe Cruden et al. 1997) of the landslide was bounded above and below by glacial sediment (LTA4); however, as the rupture surface was trending upwards, it may have extended into underlying glaciolacustrine sediment (LTA3). An Alberta aerial photograph (Table 2) , taken about 2 months after the landslide, shows a large lake upstream of the landslide and three smaller lakes along the length of the landslide. Our field survey in July 1999 found that the 3 smaller lakes had drained; thus, these lakes lasted for less than 48 months.
At its maximum, the large lake was approximately 2100 m long and 9 m deep (Miller 2000) . The lake was impounded behind a pressure ridge that formed at the toe of the landslide. Our 1999 field survey found coarse alluvium was absent along much of the post-landslide channel, with the exception being just downstream of the large landslide lake, where the post-landslide channel encountered the coarse alluvium of the pre-landslide channel. This alluvium appears to be slowing drainage of 
Stability analysis
Here, we test the ability of landslide dam stability indices from the literature to predict the observed behavior of our studied Type VI landslide dams. The stability indices we used are based on morphometric parameters (Canuti et al. 1998; Casagli and Ermini 1999; Ermini and Casagli 2003; Korup 2004; Tacconi Stefanelli et al. 2016) . Table 3 lists the indices we assessed. Table 4 provides dam and watershed morphometric parameters for each of the landslide dams.
A landslide dam is considered unstable when it "has undergone erosion or collapse leading to a catastrophic breach, with the subsequent release of the impounded lake waters" (Ermini and Casagli 2003; p.32) . Landslide dams are considered stable when they have not undergone a catastrophic breach and upstream lakes or infilled basins remain in place (e.g. Costa and Schuster 1988; Ermini and Casagli 2003; Korup 2004; Tacconi Stefanelli et al. 2016) . We consider dams to be stable when the hazard of a catastrophic breach is low.
The calculated stability values for the described landslide dams are presented in Table 5 . For these assessments, we use a dam volume equaling 10% of the Table 3 ). Based on cross-sectional profiles through the described landslides and dams, we found that only approximately 10% of the landslide volume goes into forming the dams. Figure 9 provides an example of the typical landslide and dam configuration in the Peace River region. Figure 9 shows that only a very small portion of the landslide is involved in the stream obstruction, with most of the landslide remaining out of the valley bottom. The assessments produced 43 unstable, 19 uncertain, and 5 stable results. As these dams have not breached catastrophically, but rather continued to impound an existing or relict lake, they could not be considered unstable using the definition of Ermini and Casagli (2003) . Thus the indices are over-predicting unstable conditions.
Discussion
Each of the landslides we described had a basal rupture surface within the advance phase glaciolacustrine sediment (LTA3) or near the base of the glacial sediment (LTA4). The rupture surfaces extended under the channels causing the channels to be elevated, forming Type VI landslide dams. Type VI landslide dams appear to be common in the Peace River region, based on our field observations. In contrast, Type VI dams represent only 3% of the dams in Costa and Schuster's (1988) worldwide database of 184 dams. The landslide lakes diminish over several years through a combination of fluvial incision into the dams and deltaic and lacustrine sediment infilling of the basins. For the 24.5 m high Saddle River landslide dam, incision into the dam lowered the lake level by 10.5 m, while 14 m of sediment infilling into the basin displaced the remaining water. At the Saddle River landslide dam, the draw-down of the lake level due to incision was initially more rapid (Fig. 13) ; however, after 7.25 years, when the last bathymetric survey was conducted, almost no further incision into the dam occurred, and most of the remaining lake water was displaced by predominantly deltaic sediment infilling of the basin. For the 20 m Eureka River landslide dam, incision brought the lake level down by 12 m, while basin infilling amounted to 8 m.
The rate of incision into the dams is known to be related to a number of factors including material type. The fine textured glaciolacustrine sediments (LTA3) tend to erode readily, but the incision may be slowed where the contemporary channel encounters the imbricated coarse alluvium of the pre-landslide channel. This phenomenon was observed at the Eureka, Saddle and Red background indicates "unstable", blue indicates "stable", and white indicates "uncertain" stability Spirit River dams. The coarse alluvium was less effective at slowing incision once the clast imbrication had been upset (for example, the pre-landslide channel gravels that slid into the new Eureka channel were rapidly mobilized out of the reach as bedload (Miller and Cruden 2001, 2002) ). The long-lasting effects of the landslide dams on the tributary streams are evident in the persistent sediment accumulations upstream of the Montagneuse River and Hines Creek (pre 1952) landslide dam sites. These examples suggest that the sediment wedges observed behind the Eureka River, Fox Creek, and Saddle River dams (Figs. 6, 8, and 14) could take several decades to be fully mobilized, before the pre-landslide longitudinal profiles are re-established.
We found that the morphometric indices overpredicted dam instability (Table 5) , using a realistic dam volume of 10% of the landslide volume. These indices also overestimated instability in the Halden Creek watershed, approximately 250 km northwest of our study area . The databases that these empirical indices are derived from include a wide range of landslide types (from slow, smaller soil slides to large, rapid rock avalanches), and the determined thresholds might not be appropriate for the Peace River region's dams. Regional differences have already been noted by Korup (2004) and Tacconi Stefanelli et al. (2017) . A larger dataset of Type VI landslide dams which are composed of glacial and glaciolacustrine sediments would facilitate the statistical evaluation of the significance of the various input parameters, and appropriate stability thresholds for these particular types of landslide dams might then be determined.
Conclusions
Our main findings for Peace River area landslide dams are as follows:
The landslide rupture surfaces, in advance phase glaciolacustrine sediment or glacial sediment, extend under the channel causing the channel to be elevated and forming Type VI dam. The dams range in height from 4 to 30 m. The post-landslide streams form new channels around the toes of the landslides. The landslide lakes can persist for up to 2 decades and diminish through a combination of dam incision and basin infilling. Incision into the dams is slowed when the postlandslide stream encounters the pre-landslide channel. More broad-based landslide dam stability indices, developed for other regions, poorly characterize the observed performance of the Type VI dams in our study.
